Purpose To evaluate the effect of metronidazole ophthalmic solutions on corneal neovascularization (CNV) in a rat model. Methods A chemical burn was created in the right central cornea of 40 rats. Animals were randomized and distributed into four study groups (n = 10 rats per group) designated Met_0.1%, Met_0.5%, sham, and untreated groups. Chemical-burned corneas in the Met_0.1% and Met_0.5% groups received ophthalmic solutions of 0.1 and 0.5% metronidazole, respectively. Corneas in the sham group received phosphatebuffered saline (metronidazole diluent). All treated eyes received ophthalmic solution at intervals of 6 h, for up to 30 days. Untreated corneas received no treatment. CNV was evaluated postinjury using corneal photographs at different evaluation time points. The main CNV outcome measures were: burn intensity, index of CNV, and percentage of vascularized corneal area. Five rats from each group were euthanized, on days 15 and 30; the samples were collected for histological analyses. Differences with P \ 0.05 were considered significant. Results CNV was observed in the eyes from day 7 postinjury. However, the indices of CNV for the Met_0.1% and Met_0.5% groups were smaller than those for the sham and untreated groups (P \ 0.05). Furthermore, corneas treated with 0.1 or 0.5% metronidazole had smaller vascularized areas compared to control corneas. On histological study, the presence of blood vessels confirmed clinical outcomes. Conclusions Regular instillation of 0.1 or 0.5% metronidazole had a significant inhibitory effect for CNV on chemical burns induced in a rat model.
Introduction
Under normal homeostatic conditions, the cornea is transparent and avascular. However, the corneal angiogenic privilege is not absolute, in part because it results from the balance in the expression of antiangiogenic and pro-angiogenic molecules [1, 2] . When the expression of anti-angiogenic and proangiogenic molecules is altered, a pathological condition referred to as corneal neovascularization (CNV) may occur [2] . CNV alters visual acuity by inducing stromal edema, cellular infiltration, lipid deposition and scarring [2, 3] . It is estimated that up to 1.4 million people in the USA may have CNV [4] . CNV is a sightthreatening condition that may occur secondary to chemical burn, ischemia, inflammation, infection, limbal stem cell deficiency, degenerative disorders, post-corneal transplantation, and traumatic injuries, among others [5, 6] . It is also a potential complication of bacterial, parasitic, and viral infection [1] .
Although the clinical relevance of CNV has been long recognized, its treatment is still challenging and associated with varying degrees of success [2, [6] [7] [8] . Current options for CNV include pharmacological approaches such as corticosteroids and non-steroidal anti-inflammatory agents, both of which may be associated with side effects. Other treatments include metalloproteinase inhibitors and monoclonal antibodies targeting vascular endothelial growth factors (VEGF), among others [6, 7] . Anti-VEGF antibodies, such as bevacizumab, ranibizumab and aflibercept, have a significant cost disadvantage despite the good results reported by different authors [9] [10] [11] . For patients in resource-poor countries, it is important to seek alternative, effective, and economically viable treatments for CNV.
Metronidazole is a low-cost drug used to treat infections caused by anaerobic bacteria and protozoans [12] , to control odors in wounds [13] , and to treat skin burns [14] . In ophthalmology, 0.1 and 0.5% metronidazole solutions have been used to treat keratitis [15] [16] [17] . Metronidazole also appears to have chemotherapeutic activity [18] and antioxidant effects [14] . More recently, there has been some evidence that metronidazole can control inflammation [19, 20] and modulate angiogenesis in non-ocular tissues [21, 22] . The aim of this study was to evaluate the angiogenic effect of metronidazole ophthalmic solutions on CNV in a rat model.
Materials and methods

Animals
Forty male Wistar rats (Rattus norvegicus), aged between 3 and 4 months, weighing 428.40 ± 63.60 g (mean ± SD), were selected for the study. All the subjects were free of signs of corneal disorders [23] .
The animals were kept in appropriate cages with an alternating light/dark cycle (12 h). They were fed a commercial pellet diet (65.82% carbohydrate, 5.36% fiber, 21.0% proteins, and 4.96% fat) and received water ad libitum.
Corneal chemical burn models and treatment groups
Corneal inflammatory angiogenesis was induced through a protocol of punctual alkaline cauterization in the right eye [24] . All procedures were performed with animals under general [25] and topical anesthesia with 0.5% proxymetacaine eye drops (Alcon, São Paulo, Brazil). A circular disc of filter paper with a diameter of 3 mm, saturated with a solution of 75% silver nitrate (Synth, Diadema, Brazil) and 25% potassium nitrate (Dinâmica Contemporary Chemistry Ltda., Diadema, Brazil), was pressed onto the axial region of the cornea, for 20 s [24] . Excess silver and potassium nitrate were removed by rinsing the eye. To increase reproducibility, one investigator induced the chemical burn in all animals.
Following the chemical corneal burn, animals were randomized into four groups (Met_0.1%, Met_0.5%, sham, and untreated groups; n = 10 rats per group), as shown in Fig. 1 . All ophthalmic solutions used in the study, including the phosphate-buffered saline (PBS), the metronidazole diluent, were from single production lots manufactured by Ophthalmos S.A. (São Paulo, Brazil). Treatments started immediately postinjury and all instillations (10 lL of 0.1% metronidazole, 0.5% metronidazole, or PBS) were performed at regular intervals of 6 h, for up to 30 days. Postinjury, the animals received tramadol hydrochloride (5 mg/ kg; Cristália, Itapira, Brazil) by the subcutaneous route every 8 h, for 10 days [24] .
Clinical examination of chemically burned corneas and image acquisition
Clinical examinations were performed after topical anesthesia (0.5% proparacaine; Alcon) and pupillary dilatation (1% tropicamide; Alcon). In addition, fluorescein eye stain (fluorescein sodium ophthalmic strips; Ophthalmos S.A., São Paulo, Brazil) was performed. Corneas were laterally and frontally photographed using digital equipment (TRC-50DX, Topcon, Japan) on days 0, 2, 7, 12, 15, 18, 21, 26, and 30 [8, 24] and the images of CNV were evaluated by a blinded investigator.
Burn intensity and neovascularization parameters
Burn intensities were studied from lateral images [24] . They were scored based on the appearance of blisters and on the extent of their elevation from the corneal surface: 0 (no blister, not raised above corneal surface), 1 (a small blister that is slightly raised above the surface), 2 (a medium blister that is moderately raised above the surface), and 3 (a large blister) [26] .
The CNV index and percentage of vascularized corneal area were studied from frontal profile images [24] .
'' The CNV index was scored between 0 and 3, with increments of 0.5, per corneal quadrant using a grid system based on the centripetal extent of neovascular branch outgrowth from the corneoscleral limbus. Scores for each quadrant were then summed to obtain the CNV index (range from 0 to 12) for each eye at a given time point [27] ''.
The percentage of vascularized corneal area was calculated using a grid map containing 110 points, which were projected by the ImageJ software (National Institutes of Health, Bethesda, MD, USA) as previously described [24, 28] . Calculations were performed using the (PV 9 100)/PC formula, where PV represents the total number of points that touch the vessels and PC represents the total number of points that touch the non-vascularized corneal areas [24, 28] .
To determine whether regression of CNV occurred during the follow-up time, we calculated the percentage differences between the final and the initial CNV area.
Histopathological examination
Five rats from each group, randomly selected, were euthanized on days 15 and 30 with intraperitoneal sodium thiopental (60 mg/kg; Cristália). The corneas were harvested, fixed in 10% buffered formaldehyde (Synth) and processed for routine inclusion in paraffin (Merck, Darmstadt, Germany). Sagittal sections of 4-lm-thickness were stained with Masson trichrome staining and examined under a light microscope (Olympus BX53F microscope, Tokyo, Japan). The number of vessels per cornea section was manually counted at 409 magnification. The vascularization was histologically scored as 1 (minimal or close to negative vascularization), 2 (limited or focal vascularization in the sub-epithelial areas), 3 (intermediate between scores 2 and 4), or 4 (intense vascularization) [29] . Data analysis All data were tested for statistical normality. Comparisons were performed using the Chi square test, the Kruskal-Wallis (KW) non-parametric test with Dunn's post hoc test, and the one-way analysis of variance (ANOVA) with Student-Newman-Keuls post hoc test. The odds ratio and Spearman's correlation were used as measures of association between the study variables. Differences with P \ 0.05 were considered significant (95% confidence interval, 95% CI). All statistical analyses were performed using the MedCalc software (version 9.3.6.0, MedCalc, Mariakerke, Belgium).
Results
All corneas were fluorescein negative on day 0 postinjury. However, by day 2, 1 cornea in the Met_0.1% group (10%), 4 in the Met_0.5% group (40%), 6 in the sham group (60%), and 7 corneas in the untreated group (70%) were fluorescein positive. Corneal wound healing times were 7 days for the Met_0.1% group, 12 days for the Met_0.5% and untreated groups, and 18 days for the sham group (Chi square test contingency coefficient = 0.356, P \ 0.001).
All burn injury sites were opaque with a defined border (Fig. 2a) , from days 2 to 12, corneas in all study groups presented blisters with varying degrees of elevation from the corneal surface ( Fig. 2b-d) . Corneas in the Met_0.1% group showed less intense burns (maximum score of 1) than corneas in the sham and untreated groups (scores ranged from 0 to 3) (P \ 0.05, KW test with Dunn's post hoc test) ( Table 1 ). The results in burn intensity observed between the Met_0.1% and Met_0.5% groups on day 12 of examination were not significantly different (P [ 0.05). The results of the sham group were significantly different from those of the untreated group (P \ 0.05) in all evaluation time points.
Formation of burn blister was not a univariate predictive factor for the development of corneal ulcer (OR 0.38; 95% CI 0.21-0.69). Only 14% of corneas that presented with burns with an intensity score above 1 developed ulceration.
CNV was observed in all groups on day 7. No association between the index of initial CNV (day 7) and the burn intensity was observed (Spearman's correlation 0.021; P = 0.89; 95% CI 0.33-0.29).
Statistical results related to the index of CNV are presented in Table 2 . Both one-way ANOVA and KW tests were used to identify whether there was any significant difference in CNV between the groups, since the distributional assumptions required for parametric testing were not satisfied in all cases. ANOVA revealed that the mean indices of CNV for the Met_0.1% and Met_0.5% groups were significantly lower than those for the sham or untreated groups at all evaluation time points (P \ 0.05, ANOVA with Student-Newman-Keuls post hoc test), except on day 7. The KW test detected differences (P \ 0.05) between groups only on days 12 and 15.
Figure 3a-d shows images of CNV observed in each study group. The Met_0.1% and Met_0.5% groups had a smaller area of CNV than sham and untreated groups (Fig. 4a) . The CNV area was significantly smaller for the Met_0.1% group than for the untreated and sham groups at all evaluation time points (P \ 0.05, KW with Dunn's post hoc test), except on day 7 (P [ 0.05) (Fig. 4b-h ). The Met_0.5% group results were significantly smaller than those of the sham and untreated groups on Fig. 2 Images of corneas according to the chemical burn intensity, i.e., the appearance of blisters and their elevation from the ocular surface, were scored as 0 (no blister, no raised above corneal surface) (a), 1 (a small blister that is slightly raised above the surface) (b), 2 (a medium blister that is moderately raised above the surface) (c), and 3 (a large blister) (d) 18-30 days (P \ 0.05). Boxplot charts revealed homogeneity in the variance of the data related to extensions in areas of CNV treated with 0.1 or 0.5% metronidazole.
Percentage differences between the final and the initial CNV areas were calculated. The CNV decreased by 60.90 and 38.91% in the Met_0.1% and Met_0.5% groups, respectively. In the sham and untreated groups, the CNV increased by 6.35 and 87.04%, respectively.
No signs of irritation or complications were observed in the chemical-burned eyes that received 0.1 or 0.5% metronidazole for 15 or 30 days.
In the histopathological evaluation, corneas treated with 0.1 or 0.5% metronidazole exhibited fewer blood vessels than the sham or untreated corneas (P \ 0.05, KW with Dunn's post hoc test) (Fig. 5a, b) . All corneas in the Met_0.1% and Met_0.5% groups were scored as 1 or 2, whereas more than half of the corneas in the sham and untreated groups were scored as 3 or 4 ( Fig. 5c, d) . Figure 5e -h shows images of chemicalburned corneas that were histologically scored as 1, 2, 3, and 4 according to their vascularization. The only pathological change observed in corneas scored as 1 or 2 was the presence of blood vessels in the anterior stroma proximal to the epithelium (Fig. 5e-f) . Approximately, 30% of corneas that were scored as 3 or 4, in addition to blood vessels, had mild-tomoderate inflammatory infiltrate and focal fibroblastic activity in the central anterior stroma (Fig. 5g) . In the untreated group, 20% of corneas scored as 4 showed neovascularization, disorganization of stromal collagen fibers and thickening of the central epithelium (Fig. 5h) .
Discussion
CNV is a clinical condition that, when left untreated, causes significant visual deficit [5] . Current therapies for inhibiting angiogenesis in vascularized corneas are associated with a variety of systemic side effects [10] . Moreover, some treatments have a significant cost disadvantage and are inaccessible to some part of the population in resource-poor countries. To benefit and treat patients from these countries, it is necessary to investigate an anti-angiogenic potential of more affordable drugs. Metronidazole, a nitroimidazole derivative [12, 20, 30] , is inexpensive; in some countries, such as Brazil, it is available free of charge from the National Public Health System. Nishimuta and Ito [19] reported that side effects related to topical metronidazole are lower than those of corticosteroids. Also, other authors who used 0.5% metronidazole to treat keratitis also did not report any side effects [31] . In addition, toxicological studies have shown that topical use of nitroimidazole derivatives does not cause cell mutation [19] . In contrast, systemic use of nitroimidazole derivatives has been associated with long-term side effects [20] .
Healing properties have been attributed to metronidazole [14, 21, 32] . These properties arise from metronidazole's ability to promote contraction of myofibroblasts, stimulate the proliferation of epithelial cells, inhibit local inflammation, and reduce bacterial load [14, 20, 21, 32] . In fact, our results on the occurrence of corneal ulcer and times of corneal epithelial wound healing suggest that metronidazole may enhance healing, depending on the concentration used. Corneal ulcer in the Met_0.1% group healed at 7 days postinjury, while corneal ulcer in the Met_0.5% group healed at 12 days postinjury. It is important to note that in this study, corneal ulceration was not strongly influenced by the formation of burn blisters, as shown by the odds ratio calculation.
Evidence suggests that metronidazole has antioxidant and immunosuppressive effects [14, 20] and that it can modulate tissue angiogenesis [21, 22, 33] . However, in the latter respect, the results from studies by different authors are controversial. While some authors have observed that metronidazole has proangiogenic action [21] , others have reported that it inhibits angiogenesis [22, 33] . Sampaio et al. [21] observed that metronidazole contributed to healing in second intention wounds and stimulated collagen production and angiogenesis. In contrast, Pezo [33] , studying the chicken chorioallantoic membrane, found that metronidazole inhibited new blood vessels formation. Michalska et al. [22] observed that metronidazole, when combined with clindamycin, inhibited neovascularization in benign gynecological tumors. The clinical and histopathological findings in this study agree with the results of studies that associated metronidazole with inhibition of tissue angiogenesis. The chemical burn model used in this study is known to induce diffuse formation of vessels in a large region of the cornea [7, 24, 34] . The clinical parameters of CNV revealed that the pattern of initial vessel development was identical for all studied groups, even though, some differences in the evolution of CNV were detected only from day 12. We believe that the differences in the evolution of CNV between the study groups result from the treatment protocols used. The clinical and histopathological findings of this work strongly suggest that metronidazole inhibits growth of vessels and promotes regression of CNV in a rat model. After 30 days of treatment, there was a significant reduction of vascularization in corneas treated with 0.1 or 0.5% metronidazole. The antiangiogenic effects of metronidazole have apparently been consistent, since the boxplots (Fig. 3c-i) revealed homogeneity (i.e., low dispersion) in the variance of the data related to extensions of vascularized areas in corneas treated with 0.1 or 0.5% metronidazole. CNV area results in this study are similar to those observed by Gal-Or et al. [11] when they studied the effects of aflibercept and bevacizumab on CNV.
The therapeutic effects of a drug may vary depending on the dosage and the protocol of administration [35] [36] [37] . In the present study, 0.1% metronidazole was more effective than 0.5% metronidazole in promoting corneal healing and inhibiting CNV. A possible explanation for differences in outcomes between corneas in the Met_0.1% and Met_0.5% groups is that the action of metronidazole on the corneal tissue can be dose dependent. Drugs used at higher or lower concentrations than an optimal dose may be less effective or ineffective in enhancing corneal healing and inhibiting neovascularization [37] . However, it is not possible to affirm that 0.1% is the optimum concentration of metronidazole since dose-response curves were not constructed. The concentrations evaluated herein are commercially available and are widely used to treat some kinds of infectious keratitis [16, 31] . The possibility that 0.5% metronidazole was less effective in treating CNV because it was irritating to the cornea was discarded, as the eyes show no sign of irritation.
The mechanisms by which metronidazole acts on corneal angiogenesis were not object of this investigation. To our knowledge, there is no study on whether metronidazole exacerbates the expression of antiangiogenic molecules reduces the production of proangiogenic molecules, or both. Some authors have suggested that it acts by reducing inflammation [19, 20] . Additionally, metronidazole reduces the generation of free radicals by neutrophils [38, 39] , attenuating the oxidative stress associated with inflammation and CNV [40] . This hypothesis needs to be further investigated.
In this study, as in many others that evaluated drug effects on CNV, immunohistochemistry was not performed to differentiate blood vessels from lymphatic vessels [3, [6] [7] [8] 11] . Chemical burn to the cornea generates a non-specific inflammatory response that causes lymphangiogenesis [41] . Thus, metronidazole, by reducing the inflammation, can also have inhibited lymphatic vessel growth in the chemical-burned corneas. However, estimation of the effect of metronidazole on CNV was not compromised by a possible action of the drug on lymphatic vessels, mainly because the histopathological examination confirmed fewer blood vessels in the corneas of the Met_0.1% and Met_0.5% groups. In addition, neovessels and lymphatic vessels differ in sprout and distribution patterns [42] , which also allow us to state that metronidazole has acted on CNV. Following inflammatory stimuli, pathological lymphatic vessels sprout predominantly from the nasal region of the corneal limbus, occupying a corneal area much less than blood vessels [42] .
An interesting finding from this study was that the placebo (PBS) was not inert and can introduce bias against tested ophthalmic products. In agreement with this, the literature is replete with clinical trials where placebo procedures were assumed to be inert [43] [44] [45] but were not. In this study, the corneas in the sham group developed less intense burn injuries than the corneas in the untreated group. We suspect that the placebo attenuated burn injury by providing moisture to the ocular surface (lubrication) as well as by removing pathogens, allergens, and cell degradation b Fig. 4 products [46] . Previous studies have shown that the use of ocular lubricants causes a transient increase in thickness of the tear film [47] , which dilutes molecules that stimulate the appearance or progression of superficial corneal damage. As a limitation, in this study, our material was not sufficient to quantify the expression of anti-angiogenic and pro-angiogenic molecules. To ensure that the sample size would give adequate power for the histopathological evaluation of CNV, all corneas collected from rats were paraffin embedded and cross sectioned; in this way, the expressions of VEGF and other molecules are difficult to assess because they are highly localized. Furthermore, tissue section immunohistochemical studies with manual scoring are not a quantitative measurement but rather a qualitative assessment [48] . Expression of anti-angiogenic and pro-angiogenic molecules in chemical-burned corneas treated with metronidazole will be evaluated in future using polymerase reaction chain, enzyme-linked immunosorbent assay, and western blot.
In conclusion, regular instillation of 0.1 or 0.5% metronidazole inhibits and decreases the progression of CNV on chemical burns induced in a rat model. Additional research is required to determine the molecular mechanism of action of metronidazole ophthalmic solutions on corneal angiogenesis, as well as to establish an optimum dose and possible side effects.
